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Mutant SOD1 protein increases Nav1.3 channel excitability
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Abstract Amyotrophic lateral sclerosis (ALS) is a lethal paralytic disease caused by the degen-
eration of motor neurons in the spinal cord, brain stem, and motor cortex. Mutations in the gene
encoding copper/zinc superoxide dismutase (SOD1) are present in ~20% of familial ALS and
~2% of all ALS cases. The most common SOD1 gene mutation in North America is a missense
mutation substituting valine for alanine (A4V). In this study, we analyze sodium channel currents
in oocytes expressing either wild-type or mutant (A4V) SOD1 protein. We demonstrate that the
A4V mutation confers a propensity to hyperexcitability on a voltage-dependent sodium channel
(Nav1.3) mediated by heightened total Na

+ conductance and a hyperpolarizing shift in the voltage
dependence of Nav1.3 activation. To estimate the impact of these channel effects on excitability in
an intact neuron, we simulated these changes in the program NEURON; this shows that the
changes induced by mutant SOD1 increase the spontaneous firing frequency of the simulated
neuron. These findings are consistent with the view that excessive excitability of neurons is one
component in the pathogenesis of this disease.
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1 Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal paralytic disease caused by neuronal degener-
ation in the spinal cord, brain stem, and motor cortex [1]. About 10% of ALS cases are familial
(FALS) transmitted as dominant traits; to date, mutations in more than 40 different genes have
been associated with FALS. A subset of approximately 20% of these cases is a consequence of
mutations in the gene encoding cytosolic copper/zinc superoxide dismutase (SOD1) [2]. In
North America, by far the most common SOD1 mutation is a substitution of valine for alanine
at position 4 (A4V). Regrettably, this mutation is associated with an extremely rapid course,
with survival typically less than 1.5 years [3].

Numerous mechanisms underlie the pathophysiology of neuronal degeneration in
ALS. Considered together, the diverse set of ALS-associated genes implicates three
major categories of cellular pathology in ALS, including (1) instability and misfolding
of abundant proteins (such as SOD1), (2) perturbations in RNA biology arising either
from aberrant trafficking of nucleic acid binding proteins or from expansions of repeat
domains in genomic DNA, and (3) disturbances of cytoskeletal proteins that underlie
axonal growth and function. In turn, these three sets of mechanisms lead to multiple
adverse downstream events, including: generation of reactive oxygen and nitration
species (ROS), mitochondrial degeneration, accumulation of intracellular aggregates of
both protein and RNA, induction of ER stress and the unfolded protein response and
activation of cell death pathways (both apoptotic and necrotic) [1, 4]. Also evident, both
in vivo and in vitro, are data implicating altered neuronal excitability as another key
component of the pathophysiology of ALS. Neuronal hyperexcitability has been docu-
mented in primary spinal motor neuron cultures [5, 6], in ALS motor neurons derived
from induced pluripotential stem cells [7, 8] and in slice preparations from transgenic
mice carrying the familial ALS mutation G93A (hSOD1G93A) [9, 10]. In the latter
instance, the ALS mice exhibited augmented neuronal excitability and increased persis-
tent sodium current [11]. The hyperexcitability reflects at least three factors: intrinsic
hyperexcitability of the neurons themselves, excessive excitatory inputs from interneu-
rons [10], and pro-excitatory effects of soluble factors secreted by astrocytes [9].
Hypoexcitability has also been observed in iPSC-derived ALS motor neurons [12] and
is also proposed to be a critical element in the early vulnerability of selected neuronal
populations in ALS [13, 14].

Several studies have documented disturbances in voltage-dependent Nav currents and
increased persistent sodium current (PICNa) in embryonic neurons from ALS mice. Voltage-
gated Na+ channels (Nav), which underlie neuronal excitation and action potential propagation,
consist of a 260-kDa α subunit and one or more 30–40-kDa β subunits. Because the α
subunits form the actual ion channel as well as sensors of voltage dependence, they are
inherently the working cores of the excitation process. β subunits modulate the kinetics of
voltage-dependence activation and inactivation as well as channel localization on the cell
membrane [15, 16].

In embryonic development, the predominant Na+ isoforms expressed in motor neurons are
Nav1.2 and Nav1.3. Expression of Nav1.3 begins very early in embryogenesis and then
increases, attaining a maximum level at birth; it then declines after the second postnatal week
to very low levels at adulthood [17–19]. Nav1.1 and 1.6 expression levels predominate at later
developmental stages [17]. For example, in the rat, Nav1.1, Nav1.2, and Nav1.6 are expressed
at robust levels in the adult CNS while Nav1.3 levels are substantially reduced [18]. In the
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experiments reported here, we elected to focus on Nav1.3 because many of the studies pointing
to motor neuron hyperexcitability in ALS are based on embryonic or immediately post-natal
motor neurons (particularly in vitro) as discussed below.

To date, there have been no analyses of the impact mutant ALS genes and proteins have on
the biophysical properties of individual voltage-gated Na+ channels. In the current study, we
show that a common familial ALS mutant, hSOD1A4V, shifts the voltage dependence and
augments total Na+ currents of the Nav channel, Nav1.3, an isoform that is characteristic of
embryonic motor neurons [17], which is documented to have a persistent inward sodium
current and has been implicated in human neurological disease [20, 21]. Our results suggest
that changes in the biophysical properties of voltage-gated sodium channels are important in
the genesis of mutant SOD1-induced hyperexcitability in ALS.

2 Materials and methods

2.1 Molecular biology

Human Nav1.3 α subunit isoform 2 (NCBI Reference Sequence: NP_001075145.1) DNA
was obtained from J.A. Kearney (Vanderbilt University, Nashville, TN, USA). β1
subunit DNA was obtained from C. Ahern (University of British Columbia, Vancouver,
Canada). The constructs were linearized with the appropriate restriction enzyme (New
England Biolabs) and cRNA was synthesized using in vitro run-off transcription with T7
polymerase (Promega).

2.2 SOD1WT/A4V expression and purification

pET3d vectors containing human wild-type (hSOD1WT) and mutant (hSOD1A4V) SOD1
cDNAwere expressed in BL21 (DE3) PlysS cells. To express the SOD1 protein, the bacterial
culture was incubated with 1 mM isopropyl β-D-thiogalactopyranoside (Sigma) in the pres-
ence of 200 μM copper (II) chloride (Sigma) and 200 μM zinc chloride (Sigma) for 3 h at
37 °C (WT) or 30 °C (A4V). The protein was harvested when the culture achieved an optical
density (A600) between 0.6 and 0.8; hSOD1WT and hSOD1A4V proteins were harvested and
purified from cell pellets as previously described [22, 23].

2.3 Immunoblotting

Immunoblots of individuals and groups of oocytes were washed with PBS and lysed in RIPA
buffer. Lysates were sonicated and cleared by centrifugation at 12,000 rpm for 5 min. The
protein content of the cleared lysate was quantified by BCA colorimetric assay (Thermo,
USA). For denaturing Western-blot analyses, 5 μg of total protein was loaded on 12% Tris-
glycine gels (Invitrogen, USA) in Tris-Glycine SDS running buffer (Invitrogen, USA) and
transferred to nitrocellulose membrane using i-Blot® (Invitrogen, USA). Membranes were
blocked for 1 h in blocking solution (LiCor, USA) containing 0.1% Tween-20. Sheep anti-
human SOD1 antibody (The Binding Site) was incubated at 4 °C overnight at a 1:2000
dilution. After washing in PBS containing 0.1% Tween-20, blots were incubated for 1 h with
fluorophore-conjugated donkey anti-sheep antibody (LiCor, USA) prior to visualization and
analysis by the Odyssey infrared imaging system (LiCor, USA).
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2.4 Electrophysiology

Oocytes were surgically removed from Xenopus laevis as previously described [24]. The
extraction procedure and care of Xenopus laevis were approved by the University of Massa-
chusetts Institutional Animal Care and Use Committee. Twenty-four hours after surgery,
oocytes were first microinjected with mRNA (6 ng α subunit, 1.2 ng β1 subunit) then
subsequently with 25 ng of purified hSOD1 protein. Microinjected oocytes were stored in
antibiotic-supplemented ND96 buffer [24].

Currents were measured~ 18 h after injection using a two-electrode voltage clamp (OC-
725; Warner Instrument Corp.); the data were acquired with a Digidata 1322A (Axon
Instruments) running pClamp 9 (Axon Instruments) at room temperature. Electrodes were
filled with: 3 M KCl, 10 mM HEPES, and 5 mM EGTA, pH 7.6. Currents were measured in
ND96 recording buffer (pH 7.6) containing: 96 mM NaCl, 5 mM HEPES, 2 mMKOH, 1 mM
MgCl2, and 0.3 mM CaCl2.

2.4.1 Total current

The quantification of total current through the oocytes, the voltage dependence of
activation, and the kinetics of fast inactivation were evaluated with a protocol in which
oocytes were depolarized from a holding potential of –100 mV to a range of potentials
from –80 to +60 mV in 10 mV increments for 50 ms. Voltage step depolarizations were
delivered every 5 s. Data analysis was performed with Clampfit 9 (Axon Instruments)
and Prism 5 software (GraphPad). The amplitude of the current was measured at each
potential and normalized such that the maximal current in oocytes injected with mRNA
alone was equal to 1. The currents from potentials –80 mV to +60 mV of each oocyte
from the protein injected group (WT or mutant) were normalized to the mRNA control
group. For this and all other electrophysiology experiments, the Grubbs test was used to
exclude any outliers. Data are presented as mean ± SEM. Differences between values
were examined by ANOVA followed by Tukey’s multiple comparison test with statistical
significance established at p< 0.05.

2.4.2 Voltage dependence of activation

Current–voltage relationships were measured by holding at –100 mV and stepping to a
series of test potentials for 50 ms in 10 mV increments, followed by a tail pulse
at –100 mV. Voltage step depolarizations were delivered every 5 s to allow for channels
closing between depolarizations. To measure the voltage dependence of activation,
maximum currents at each potential were normalized to the maximum peak current.
Normalized tail currents were plotted versus the test potential to produce activation
curves and fit to the Boltzmann equation:

I=Imax ¼ 1= 1þ e V 1=2−Vð Þ=slope� �

where V is the applied pulse potential and V1/2 is the voltage of half-maximal
activation. This was calculated for each individual experiment. Within each experiment
set (control, hSOD1WT, hSOD1A4V) the V1/2 values were then averaged to obtain the
mean V1/2 for that set.
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2.4.3 Voltage dependence of inactivation

Oocytes were held at –100 mV. A conditioning pulse was applied to a range of potentials from
–120 to 0 mV in 20-mV increments for the duration of 500 ms, followed by a test pulse to –
30 mV for 50 ms. Voltage step depolarizations were delivered every 5 s to allow for channel
closing. The peak current at each test pulse was normalized to the current of the conditioning
pulse. Normalized values were plotted against the test pulse voltage and the data were fit with a
Boltzmann sigmoidal function:

I=Imax ¼ Bottomþ Top−Bottomð Þ= 1þ e V 1=2−Vð Þ=slope� �

where V is the applied pulse potential and V1/2 is the half maximal inactivation.

2.4.4 Kinetics of fast inactivation

Oocytes were held at a holding potential of –100 mV. Oocytes were depolarized to a range of
potentials from –80 to +60 mV in 10 mV increments for 50 ms. Voltage step depolarizations
were delivered every 5 s to allow for channel closing between depolarizations. To evaluate the
kinetics of fast inactivation, the decay phase of current traces acquired by a depolarizing step to
–30, –20, –10, 0, and 10 mV from a holding potential of –100 mV were fitted best by the sum
of two exponential standard functions:

I ¼ A1*e
−t=τ1 þ A2*e

−t=τ2 þ C

where A1 and A2 are the approximate portions of the inactivated currents and τ1 and τ2
the respective time constants. The function consisted of a fast component, which forms
the transient Na+ current and a long-lasting, slow, component, which forms PICNa.

2.4.5 Recovery from fast inactivation

Oocytes were held at –100 mV. A depolarization pulse was applied from the holding
potential to a step potential of 0 mV for 50 ms to induce inactivation. A second
depolarizing pulse (also from –100 to 0 mV) was applied to activate the Na+ current.
The inter-pulse interval was initially 50 ms and was increased by 1-ms steps to define the
rate of recovery. The entire protocol entailed 40 sweeps. The time courses for recovery
from fast inactivation data were evaluated by normalizing the current amplitude during
the second depolarization test pulse to that of the first depolarization test pulse. The data
were fit to the one phase decay function:

I=Imax ¼ I=Imax−Plateauð Þ*e −K*timeð Þ þ plateau

where K is the rate constant.
All experiments were conducted using three different batches of oocytes; we typically

tested three conditions (control, hSOD1WT and hSOD1A4V) on subsets of equivalent numbers
of oocytes from each batch.
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2.5 NEURON program simulations

The open-source program NEURON [25] was used to model the effects on firing frequency of
hSOD1WT and hSOD1A4V proteins. This model uses conventional Hodgkin and Huxley
simulations [26] involving the neuronal soma and two passive membrane dendrites in order
to keep the simulation environment simple, reflecting our oocyte conditions. The basic
equations used for our simulations were taken from [27]:

Cm
dVm

dt
þ I ion ¼ Iext ð1Þ

I ion ¼ GNa Vm−ENað Þ þ GK Vm−EKð Þ þ GL Vm−ELð Þ ð2Þ

GNa ¼ �gNaP
3
mPh ¼ �gNam

3h ð3Þ

GK ¼ �gKP
4
n ¼ �gKn

4 ð4Þ

I ion ¼ �gNam
3h Vm−ENað Þ þ �gKn

4 Vm−EKð Þ þ �gL Vm−ELð Þ ð5Þ

dm

dt
¼ αm Vð Þ 1−mð Þ−βm Vð Þm ð6Þ

dh

dt
¼ αh Vð Þ 1−hð Þ−βh Vð Þh ð7Þ

dn

dt
¼ αn Vð Þ 1−nð Þ−βn Vð Þn ð8Þ

The equations used for the ‘m’ sodium
activation system were

αm ¼ :1*exp − V þ 40ð Þ=10ð Þ ð9Þ

βm ¼ 4*exp − V þ 65ð Þ=18ð Þ ð10Þ
and for the ‘h’ sodium inactivation system we have

αh ¼ :07*exp − V þ 65ð Þ=20ð Þ ð11Þ

βh ¼ 1= exp − V þ 35ð Þ=10ð Þ þ 1ð Þ ð12Þ
Our simulations of excitability in the presence of hSOD1WT protein used the baseline

parameters listed in Table 1a, b; these were derived from the following file: (http://neuron.yale.
edu/hg/neuron/nrn/file/tip/src/nrnoc/hh.mod). We introduced our experimental data by varying
first independently and then simultaneously the two parameters that we observed to be
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experimentally significant: (1) the peak conductance of the Nav channel ( ) and (2) the
voltage dependence of activation.

2.5.1 The peak conductance of Nav channel ( ) simulations

The conductance gnabar (the maximum specific sodium channel conductance) was set
at 0.25 S/cm2 at the baseline, reflecting conditions of electrical silence when wild-type
SOD1 was present. To model the impact of mutant SOD1, we increased this conduc-
tance by 0.04 to 0.29 S/cm2. This initiated spontaneous generation of action
potentials.

2.5.2 The voltage dependence of activation of the Na+ current

The baseline activation parameters for the midpoint of m gating (activation) included αm=–40 mV
and βm=–65 mV (Eqs. 9 and 10); this baseline simulated both the control situation and the
experiments in which WT SOD1 was present; in this circumstance, the model did not demonstrate
spontaneous generation of action potentials. To simulate the impact of mutant SOD1, the observed
hyperpolarizing change in the voltage dependence of activation (V1/2) was modeled by shifting the
gating constant for activation (alpha and beta) by 1 mV hyperpolarizing increments. In each
instance, the key output was the frequency of spontaneous firing. A shift of 3 mV (αm=–43 mV;
βm=–68 mV), which was observed experimentally (see Results below), was associated with
activation of repetitive firing. In these simulations, gating of the potassium currentswas not changed.

Additionally, we explored the impact of altering the voltage dependence of inactivation. At
the baseline, steady-state half-inactivation, αh = –65 mVand βh =–35 mV, (Eqs. 11, 12). These
constants were left at their default value for our control and wild-type protein experimental
conditions. To simulate the effect of a depolarizing shift in the voltage dependence of
inactivation, alpha and beta were in the depolarizing direction; experimentally, the shift was

Table 1 Parameters for simulations*

A.

nseg diam L Ra

Soma 1 18.8 18.8 123

Dendrite #1 5 3.18 701.9 123

Dendrite #2 5 2 549.1 123

B.

(S/cm2)

(S/cm2) 0.25

gI (S/cm2) 0.0001666

gKbar (S/cm2) 0.036

el (mV) −60

* the maximum specific sodium channel conductance, gKbar the maximum specific potassium channel
conductance, gl the maximum specific leakage conductance, EL the reversal potential for the leakage channel,
nseg is the number
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–3 mV (αh=–62 mV; βh=–32 mV). Gating for potassium activations were left at their default
values.

3 Results

To study the impact of WT and mutant (A4V) SOD1 protein on the properties of Nav1.3, we
used an oocyte expression system. We elected to study the A4V variant of SOD1 because this
is the most common SOD1 gene mutation in North America and because it has an aggressive
clinical course, with survival typically about 1 year [3]. As described above, electrophysio-
logical studies were performed approximately 18 h after injecting purified SOD1 protein
together with the cDNA expressing the α and β subunits of Nav1.3. We first documented
that hSOD1 protein (both WT and A4V) could be detected by Western blotting in oocyte

Table 2 Normalized current and standard errors of the mean, Fig. 1

Voltage (mV) Control (n = 26) hSOD1WT (n = 23) hSOD1A4V (n = 22)

−40 1 ± 0.29 4.02 ± 1.78 6.23 ± 2.68

−30 1 ± 0.15 1.42 ± 0.37 2.36 ± 0.36

−20 1 ± 0.12 1.34 ± 0.23 1.82 ± 0.24

−10 1 ± 0.12 1.19 ± 0.13 1.73 ± 0.22

0 1 ± 0.12 1.35 ± 0.18 2.01 ± 0.27

10 1 ± 0.14 1.43 ± 0.20 2.22 ± 0.35

20 1 ± 0.18 1.44 ± 0.22 2.63 ± 0.48

30 1 ± 0.23 1.44 ± 0.29 3.20 ± 0.69

***
***

* *

**

*

** **
*** **

***

***
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*

Control

SOD1WT

SOD1A4V

Fig. 1 SOD1 protein increases NaV1.3-β1 channel current. Quantification of Nav1.3 current levels from oocytes
co-injected with different hSOD1 proteins. The effect of hSOD1WT vs. hSOD1A4V protein on peak NaV1.3-β1
channel currents was compared for depolarizations from –100 mV to a range of test potentials. Values are
normalized to oocytes injected with only α and β subunit mRNA (without exogenous hSOD1). For all but two
test voltages (–40 and 10 mV), the peak Na+ current in the presence of hSOD1A4V exceeded that seen with
hSOD1WT. Data are presented as the mean ± SEM from multiple oocytes (Table 2). Asterisks indicate significant
difference between data using hSOD1A4V and either hSOD1WT or no hSOD1. (ANOVAwith Tukey’s post test
***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05)
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extracts not only immediately after injection but also at 18 h post-injection (Fig. S1a, c). We
confirmed expression and trafficking of Nav1.3-β1 complexes by measuring the current
(Fig. S1b); uninjected oocytes have negligible sodium currents. We first compared the influence
of hSOD1WT vs. hSOD1A4V on peak Nav1.3 currents elicited by –100 mV to a range of test
potentials. Figure 1 shows a normalized Nav1.3-β1 channel current elicited by 50-ms depolar-
izations in standard ND96 buffer. For all but two test voltages (–40 and 10 mV), the peak Na+

current in the presence of hSOD1A4V exceeded that seen with hSOD1WT (Table 2).
To determine whether this increase in current was due to a shift in the voltage sensitivity of

NaV1.3-β1 channel complexes, we measured the channel current at different voltages
(Fig. 2a). The threshold and voltage dependence of activation for the peak sodium current

 hSOD1WTControl hSOD1A4V

-80 -60 -40 -20-70 -50 -30 -10

1.0

0.8

0.6

0.4

0.2

I/I
m

ax

V1/2= -30.89 mV
slope= 2.14

Voltage (mV)

V1/2 = -33.79 mV *
slope = 1.89

-80 -60 -40 -20-70 -50 -30 -10

Voltage (mV)

V1/2= -30.64 mV
slope = 2.19

-80 -60 -40 -20-70 -50 -30 -10

Voltage (mV)

60 mV

50 ms
-100 mV

0.2

-0.2

-0.6

-I
/I m

ax

-1.0

-80 -40 0 40-60 -20 20 60 -80 -40 0 40-60 -20 20 60 -80 -40 0 40-60 -20 20 60
Voltage (mV) Voltage (mV)Voltage (mV)

A

B

C

Fig. 2 SOD1 protein induces a hyperpolarizing shift in the voltage dependence of NaV1.3-β1 channel
activation. a Time course of Nav1.3 currents. Nav1.3 currents elicited from a holding potential of –100 mV by
50-ms steps to potentials of –80 to 60 mVare displayed for oocytes injected with only α and β subunit channel
mRNA, or α and β subunit mRNA combined with either hSOD1WTor hSOD1A4V protein (scale bar x = 0.2 ms,
y = 2 μA). b Current–voltage curves for NaV1.3-β1 complexes. Current tracings over time are normalized to the
maximum current. The threshold and voltage dependence of activation for the peak sodium current were similar
for complexes injected with hSOD1WT or mutant hSOD1A4V. c Voltage-activation curves calculated from the
analyses of dependence of activation on voltage. The solid curves illustrate the Boltzmann curves corresponding
to the data. Data are presented as the mean ± SEM (n = 14–20 oocytes). The average values of the midpoint of
activation (V1/2) were: control (–30.89 ± 0.44, n = 20); hSOD1WT (–30.64 ± 0.49, n = 18) and hSOD1A4V

(–33.79 ± 1.21, n = 14); V½ for hSOD1A4V differed significantly from V1/2 for either hSOD1WT or control
(p ≤ 0.05). The average values of the activation curve slopes did not differ significantly among control (2.14
± 0.13, n = 20), hSOD1WT (2.19 ± 0.17, n = 19) and hSOD1A4V (1.85 ± 0.13, n = 13) groups (p > 0.05, ANOVA
with Tukey’s post test)
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were similar for control and complexes injected with hSOD1WT (Fig. 2b). By contrast, in the
presence of the mutant hSOD1A4V protein, there was a significant hyperpolarizing shift of the
midpoint of activation (V1/2). There was also a slight decrease in the voltage dependence
(slope) of NaV1.3-β1 complexes (Fig. 2c) that was not significant.

We next measured the voltage dependence of inactivation of the Nav1.3-β1 channel
complex (Fig. 3). Figure 3a shows the traces recorded by step depolarizations to –30 mV
from a conditioning test potential between –120 and 0 mV. The resultant currents were
normalized to the first current elicited during the protocol, graphed as an exponential function
and fit to a Boltzmann equation. Neither the average midpoint of inactivation (V1/2) nor the
voltage dependence (slope) differed significantly between the three groups (Fig. 3b).

It has previously been observed in mice expressing hSOD1G93A that cultured neurons
demonstrate an increase in the rate of recovery from inactivation [28]. For this reason, we next
determined whether the increase in current caused by hSOD1A4V was due to changes in the
inactivation kinetics of Nav1.3-β1 channel complexes. To determine the effect hSOD1 had on
the kinetics of Nav1.3-β1 channel complexes inactivation, the decay phases of activation
current traces were fit to a two-phase exponential decay function. As seen in Fig. 4a, these
currents had a noticeable fast transient component and a slow persistent component. The fast
and slow time constants for all three groups were similar (Table 3, Fig. 4b). We also used a
two-step protocol to measure the effect of hSOD1WT vs. hSOD1A4Von the NaV1.3-β1 channel
complex recovery from fast inactivation (Fig. 5a). The resultant traces were fit to a single-
phase exponential decay function (Fig. 5b). Although mutant hSOD1A4V did decrease the rate
of recovery from fast inactivation, this difference was not significant (Fig. 5c).

Control hSOD1WT hSOD1A4VA

B

-120 -100 -80 -60 -40 -20 0

V1/2=-61.89 mV
slope=-5.32

Voltage (mV)
-120 -100 -80 -60 -40 -20 0

V1/2=-64.24 mV
slope=-5.00

Voltage (mV)

-120 -100 -80 -60 -40 -20 0

V1/2=-61.55 mV
slope=-4.88

Voltage (mV)

I/I
m

ax

1.0

0.8

0.6

0.4

0.2

0

-30 mV

-100 mV
-120 mV,500 ms

Fig. 3 SOD1 protein does not affect the voltage dependence of inactivation of NaV1.3-β1 channel complexes. a
Nav1.3 current was recorded by step depolarizations to –30 mV from a conditioning test potential between –120
and 0 mV, in 20 mV steps (scale bar x = 0.2 ms, y = 1 μA). b Inactivation curves were calculated from the data in
a. The solid lines represent Boltzmann fits to the data. The average midpoint of inactivation (V1/2) for control
(–61.55 ± 0.82, n = 19), hSOD1WT (–64.24 ± 1.82, n = 17) and hSOD1A4V (–61.89 ± 0.95, n = 13) and the voltage
dependency (slope) of inactivation curves for control (–4.88 ± 0.39, n = 19), hSOD1WT (–5.00 ± 0.31, n = 17) and
hSOD1A4 (–5.32 ± 0.40, n = 13) were similar (p > 0.05, ANOVAwith Tukey’s post test)
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These studies define two specific effects of hSOD1A4V on the Nav1.3-β1 complex: (1) an
increase in peak Na+ current after depolarization and (2) a shift in the voltage dependence of
activation in a hyperpolarizing direction. We next undertook computational studies to model
the impact of these changes, considered singly and together, on the overall firing frequency of
a mammalian neuron. For this purpose, we ran calculations using the open-source program
NEURON [25], which incorporates mammalian neuronal channel parameters (see Methods).
We first estimated the impact of the increase in peak Nav1.3 current on firing frequency. At the
baseline, which was 0.25 Siemens/cm2 conductance, the model did not generate action
potentials spontaneously (resting potential –62 mV, Fig. 6a, left). However, spontaneous

Control hSOD1WT hSOD1A4V

τ 
(m

s)

Control
hSOD1WT

hSOD1A4V

14.0

2.0

τ 
(m

s)

1.0

0.6

0.2

-30 -20 -10 0 10

2

Voltage (mV)

A

B τ

τ

Fig. 4 hSOD1 does not affect the
inactivation kinetics of NaV1.3–β1
channel complexes. a
Representative Nav1.3 current
traces for control, hSOD1WT, and
mutant hSOD1A4V obtained
following depolarization from a
holding potential of –100 mV to
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electrical firing was elicited when the conductance was increased to 0.29 Siemens/cm2 (see
Fig. 6). Moreover, the firing frequency increased progressively with further increases in Na+

conductance until an increase of 134%, at which point the membrane became depolarized
(–27 mV) and unexcitable (Fig. 6b, right). Because the range of conductance changes induced
by hSOD1A4V were on the order of 50–200% (Fig. 1), we conclude that hSOD1A4V can exert a
pro-excitatory influence on Nav1.3- β1 conductance and that this mutant protein might
ultimately lead to depolarization arrest of excitability.

Analogously, we modeled the impact on the firing frequency of hyperpolarizing shifts in the
voltage dependence of activation of the Nav1.3 current. The conductance was left at the 0.25
baseline value at all conditions in this model and the baseline V1/2 for the steady-state
activation curve for the sodium current was –40 mV (αm), –65 mV (βm). The neuron was
electrically quiescent at the baseline V1/2 (Fig. 7a, left) but demonstrated spontaneous gener-
ation of trains of action potentials with a 0.6-mV hyperpolarization (Fig.7a, right). As
documented in Fig. 7b left, c, the model shows induction of repetitive firing with hyperpolar-
ization as small as 1 mV from this baseline. The firing frequency further increased with
additional hyperpolarizing shifts up to 9 mV. With a 10-mV hyperpolarizing shift, the
membrane became unexcitable and depolarized (–37 mV) (Fig. 7b, right).

Because hSOD1A4V both augments the peak Na+ current and hyperpolarizes the activation
process, we also modeled the impact on the firing frequency of simultaneous changes in these
parameters. As shown in Fig. 8, the prediction of this model is that the simultaneous impact of
a 90% increase in and a 3-mV hyperpolarizing shift in m∞ is a state of stable, repetitively
firing action potentials at 0.066/ms (66/s).

Although the voltage dependence of inactivation did not significantly change with the
mutant protein injection, we also wondered if the ~3-mV depolarization shift in the inactiva-
tion V1/2 (Fig. 3) would induce neuronal firing. Analogously to voltage dependence of
activation simulations, the conductance was left at the 0.25 baseline value and the values for
alpha and beta were shifted from 65 mV (alpha), –35 mV (beta) in a depolarizing direction.
There were no spontaneous action potential trains at the baseline but firing of single action
potentials was triggered with a 2.6-mV depolarization (Fig. 9). When the depolarizing shift
exceeded 5 mV, spontaneous firing was triggered (c, left). When the depolarizing shift
exceeded 19 mV, the model became depolarized to –25 mV and inexcitable (c, right).

Table 3 The kinetics of fast inactivation is similar for oocytes injected with WT and mutant hSOD1*

Control
τ1

hSOD1WT

τ1
hSOD1A4V

τ1
CONTROL
τ2

hSOD1WT

τ2
hSOD1A4V

τ2

−30 mV 1.82 ± 0.15 1.60 ± 0.12 1.97 ± 0.34 0.69 ± 0.07 0.53 ± 0.06 0.77 ± 0.08

−20 mV 2.25 ± 0.18 1.86 ± 0.17 2.22 ± 0.21 0.67 ± 0.07 0.36 ± 0.07 0.60 ± 0.15

−10 mV 2.73 ± 0.10 2.27 ± 0.17 2.69 ± 0.10 0.58 ± 0.04 0.49 ± 0.03 0.49 ± 0.03

0 mV 2.46 ± 0.12 2.19 ± 0.13 2.46 ± 0.09 0.63 ± 0.09 0.46 ± 0.06 0.42 ± 0.04

10 mV 2.25 ± 0.10 1.99 ± 0.09 2.08 ± 0.09 0.57 ± 0.05 0.40 ± 0.06 0.43 ± 0.07

*The rates of inactivation were measured by fitting currents to a double exponential. Data are represented as the
mean ± SEM (–30 mV: n = 23 (control), n = 15 (hSOD1WT ), n = 15 (Mutant hSOD1A4V ); –20 mV: n = 20
(control), n = 15(hSOD1WT ), n = 13(hSOD1A4V ); –10 mV: n = 15 (control), n = 11 (hSOD1WT ), n = 13
(hSOD1A4V ); 0 mV: n = 20 (control), n = 17(hSOD1WT ), n = 16 (hSOD1A4V ); 10 mV: n = 13 (control), n = 14
(hSOD1WT ), n = 15 (hSOD1A4V )
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4 Discussion

Using an oocyte expression system, we examined the impact of hSODA4V protein on the
physiological parameters of a complex of Nav1.3 consisting in its α and β subunits; to
our knowledge, this is the first report to examine the impact of mutant SOD1 protein at
the level of a specific Na (V) channel complex. As noted above, in this study we focused
on Nav1.3, an embryonically expressed isoform, because many of the studies pointing to
motor neuron hyperexcitability in ALS are based on embryonic or immediately post-
natal motor neurons (particularly in vitro) e.g., [29]. Thus, in transgenic hSOD1G93A

ALS mice, heightened excitability is evident before or shortly after birth [30–32]. Also,
embryonic spinal cord cultures of 4–7 DIV have elevated persistent inward Na+ currents
when treated with astrocyte conditioned media from SOD1G93A mice [33]; this study
showed that astrocyte conditioned media from hSOD1G93A mice target Nav1.2 and
Nav1.3.

We elected to study the missense mutant protein SOD1A4V because the A4V substitution is
the most common and clinically most severe SOD1 mutation in North America [3]. We
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observed that, compared to hSOD1WT, the mutant SOD1 protein induced two significant
changes in the properties of the Nav1.3 complex: an increase in the peak Na+ current and a
hyperpolarizing shift in the voltage dependence of Nav channel activation. Using the software
program NEURON, we documented that these changes are predicted to increase the firing
frequency of a simulated model of a mammalian neuron. We selected NEURON as our model

A

B

C

V
ol

ta
ge

 (
m

V
)

Time (ms)

0.0 0.5 1.0 1.5 2.0
0.00

0.02

0.04

0.06

0.08
Con duc tance

F
re

qu
en

cy
 (

S
pi

ke
s/

m
s)

GNaMax

Time (ms) Time (ms)

Time (ms)

V
ol

ta
ge

 (
m

V
)

Fig. 6 Firing patterns of a mammalian neuron in response to changes in Nav conductance induced by
hSOD1A4V. aAt the baseline (see Methods), there is no predicted spontaneous firing as modeled using NEURON
software (left; resting membrane potential –62 mV). Transition from silence to firing was observed first at a
conductance of 0.29 Siemens/cm2 (right). b When the Nav conductance in the model is increased by 90% (from
0.25 to 0.475 Siemens/cm2, which is the mean increment in conductance recorded experimentally), the model
fires spontaneously (left). When this conductance is further increased to 1.34 Siemens/cm2 (a 4.4-fold increase),
the model is depolarized to –27 mV and becomes unexcitable (right). c This demonstrates dependence of firing
frequency on Nav channel conductance, indicating that as the conductance increases there is a progressive
increase in frequency until depolarization
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primarily because it has been used extensively to model the behavior of a mammalian neuron
[25].

Our observations are consistent with several lines of experimental data that implicate
excessive firing of motor neurons as a central element in the pathogenesis of ALS. These
studies included investigations of human motor cortex [34], murine cell culture and slice
preparations of motor cortex [11, 35], spinal cord [5, 28, 30, 36–41], and brainstem [10, 42].
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Fig. 7 Firing patterns of a mammalian neuron in response to changes in voltage dependence of activation
induced by hSOD1A4V. The conductance was set at the baseline level of 0.25 S/cm2 at all conditions in this
model; the baseline V1/2 for the steady-state activation curve for the sodium current was –40 mV (alpha), –65 mV
(beta). a The neuron is electrically at rest at the baseline V1/2 (left). A single spontaneous action potential is
initiated with a 0.6-mV hyperpolarization (right). b When the voltage dependence of Nav channel activation is
shifted 3 mV in the hyperpolarizing direction (as observed experimentally), continuous spontaneous firing is
triggered (left). When the hyperpolarizing shift exceeds 10 mV, the model becomes depolarized to –37 mV and
inexcitable (right). Panel c is an equivalent relationship for the dependence of firing frequency on the voltage
dependence of Nav channel activation

Mutant SOD1 protein increases Nav1.3 channel excitability 365



Most recently, in vitro studies have also shown hyperexcitability of cultured iPSC-derived
motor neurons from individuals with SOD1, FUS, and C9orf72 gene mutations [7, 8]. The
mechanisms whereby neurons in ALS may become hyperexcitable are multiple, with data
implicating both endogenous membrane changes as well as excessively excitatory synaptic
inputs [10, 42, 43] and excitatory stimuli from an astrocyte conditioned medium [9]. However,
as indicated above, recent data have raised the important possibility that early motor neuronal
hypoexcitability may be pivotal in ALS and other neurodegenerative disorders, initiating a
cascade of events that compromise neuronal viability with hyperexcitability as a compensatory
rather than a primary phenomenon [13, 14]. Resolution of these two viewpoints will await
further studies, although we note that the observation that mutant SOD1 directly augments
sodium channel excitability is consistent with a primary, upstream role for hyperexcitability in
neuronal pathology in ALS.

It is likely that excessive firing will be detrimental to motor neurons in two ways. In our
view, the primary adverse impact of heightened electrical activity is likely to be mediated by a
downstream effect, such as elevations in cytosolic calcium, with subsequent activation of
calcium-dependent enzymes (e.g., proteases, lipases). These changes will lead to cytotoxicity,
cell death, muscle denervation, and paralysis. In addition, it is possible that excessive firing
will be adverse at least transiently because it can lead to depolarization arrest, which will
prevent motor neuron activation of contraction, even if the neuromuscular junction is intact.
The possibility of depolarization arrest of motor neurons (presumably early in the illness) has
not been studied. The potentially important implication is that in ALS cases there may be

Sp
ik

es
/m

s

Conductance (Siemens/cm2)

0.08-0.1
0.06-0.08

0.04-0.06

0.02-0.04
0-0.02

0.
25

0.
3

0.
35

0.
40

0.
45

0.
50

0.
55

0.
60

0.
65

0.
70

0.
75

0.
80

0.
85

0.
90

0.
95

1.
0

1.
5

0.1

0.08

0.06

0.04

0.02

0

-40

-44

-48

V1/2 (m∞)

Fig. 8 Dependence of firing frequency on simultaneous changes induced by hSOD1A4Von Na+ conductance and
voltage dependence of activation. The modeled conductance and voltage dependences of Nav channel activation
are indicated in the x and y axes, respectively. The firing frequency is indicated in the z-axis. The yellow dot
indicates the estimated position of the frequency in the presence of hSOD1A4V-induced changes (0.475 siemens/
cm2, –43 mV). This predicts that under the experimental conditions induced by hSOD1A4V the model will fire
spontaneously and thus is hyperexcitable as compared to the baseline in the presence of hSOD1WT (green dot)

366 E. Kubat Öktem et al.



populations of neurons that can be rapidly rendered functional by interventions that repolarize
the electrically silent cells. Such reagents might include not only Nav channel blocking
compounds (such as mexiletine) but also compounds that augment K+ channel activity (e.g.,
retigabine).

We do not know the mechanism(s) whereby mutant SOD1 protein affects the bio-
physical properties of the Nav1.3 complex. Potential mechanisms are numerous and, at
this point, speculative. There may be a direct effect on the channel proteins, perhaps
mediated via channel oxidation or phosphorylation. We note, for example, that oxidative
stress can activate protein kinases such as protein kinase C (PKC). This is of potential
interest in the context of our studies because levels of PKC activity are elevated in
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When the depolarizing shift exceeds 19 mV, the model becomes depolarized to –25 mV and inexcitable (right)
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hSOD1G93A mice and human ALS patients. Moreover, PKC is known to phosphorylate
the α subunit of some Nav channels [44]. That there might be a direct effect of mutant
SOD1 on the channel is further suggested by the observation that mutant SOD1 can
interact directly with the cytoplasmic face of the voltage-dependent anion channel,
VDAC1 [45].

Alternatively, it is conceivable that mutant SOD1 has an indirect effect on the Nav1.3
complex by a mechanism such as increased channel trafficking to the membrane. For
example, in the study done by Van Zundert et. al. [33], conditioned media from
astrocytes expressing mutant SOD1 selectively lead to motoneuron death through
voltage-gated sodium channels. The authors of that study also indicated that incubation
of the motoneuron cultures in mutant SOD1 and TDP 43 astrocyte conditioned medium
with sodium channel blockers such as mexiletine (antiarrhythmic drug targeting Nav
channel receptor site, [46], spermidine (a polyamine acting as an activity-dependent Nav
channel blocker [47]) or a riluzole neural excitability suppressor via Nav channels [5, 9])
inhibit both motoneuron death and nitro-oxidative stress. This study indicates that mutant
SOD1 or TDP43 proteins mediate secretion of soluble factors leading to motoneuron cell
death via Nav channels.

Finally, our findings are consistent with the view that excessive neuronal excitability
is a potential target for therapy in ALS. A compelling point supporting this view is the
fact that riluzole, a compound that blocks neuronal firing (presumably via blockage of
Nav channels) [42], prolongs survival in ALS and is an FDA-approved ALS therapy [40,
48]. Conceivably, other Nav channel blocking compounds may also be beneficial in
treating ALS.
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